The early endosomes constitute a major sorting platform in eukaryotic cells. They receive material through fusion with endocytotic vesicles or with trafficking vesicles from the Golgi complex and later sort it into budding vesicles. While endosomal fusion is well understood, sorting is less characterized; the 2 processes are generally thought to be effected by different, unrelated machineries. We developed here a cell-free assay for sorting/budding from early endosomes, by taking advantage of their ability to segregate different cargoes (such as transferrin, cholera toxin subunit B, and low-density lipoprotein, LDL) into different carrier vesicles. Cargo separation required both carrier vesicle formation and active maturation of the endosomes. Sorting and budding were insensitive to reagents perturbing clathrin coats, coatomer protein complex-I (COPI) coats, dynamin, and actin, but were inhibited by anti-retromer subunit antibodies. In addition, the process required Rab-GTPases, phosphatidylinositol-3-phosphate, and, surprisingly, the docking factor early endosomal autoantigen 1 (EEA1). Sorting also required the function of the N-ethylmaleimide-sensitive factor (NSF), a well-known fusion cofactor, while it did not depend on preceding fusion of endosomes. We conclude that fusion, docking, and sorting/budding are interconnected at the molecular level.
arly endosomes represent major sorting platforms in eukaryotic cells. They constitute the first endocytotic compartment on which recently internalized vesicles converge, while they also receive carrier vesicles from the Golgi complex. Outgoing trafficking pathways include direct recycling of receptors to the plasma membrane, transport of elongated tubulo-vesicular structures to the recycling endosome, delivery of vesicles to the Golgi apparatus (involving the retromer complex), and finally maturation of early endosomes into multivesicular bodies/late endosomes that then fuse with lysosomes as the final destination. All incoming vesicular carriers join the endosomal compartment by membrane fusion. Conversely, all outgoing trafficking pathways involve the formation of carrier vesicles that bud from early endosomes (with the exception of traffic to late endosomes, which involves organelle maturation and invagination of vesicles).
In recent years, fusion (and the preceding step of docking) has been thoroughly described. Rab5 and its effectors (such as the class III phosphatidylinositol-3 (PI3)-kinase or the early endosomal autoantigen 1, EEA1), and soluble N-ethylmaleimidesensitive factor (NSF) attachment receptors (SNAREs) and NSF itself, have been identified as key players in these processes (1, 2) . In contrast, much less is known about the protein machineries involved in cargo sorting and vesicle budding from early endosomes.
One of the reasons for this gap in our knowledge is that, in contrast to fusion (3, 4) , it has been difficult to reconstitute sorting from endosomes in vitro. Compared to live cell approaches, in vitro assays allow direct biochemical access to the docking and fusion machineries (for instance, proteins can be depleted or perturbed using cell-impermeant inhibitors such as antibodies). Sorting and formation of vesicular carriers from early endosomes have so far been largely studied in live cells using approaches such as electron microscopy (5) or monitoring transferrin release from intact cells (6) (7) (8) . There is so far no convenient and sensitive assay available for monitoring these processes in vitro although several lines of evidence document that budding of vesicles from endosomes can occur under cell-free conditions (9) (10) (11) .
In the present study, we have developed a novel microscopybased cell-free assay for early endosomal segregation of cargo. We took advantage of the fact that transferrin (as a recycling marker) and low-density lipoprotein (LDL) (as a marker for the degradative pathway) are differentially sorted within early endosomes. We show here that isolated endosomes double labeled with fluorescent transferrin and LDL efficiently separated these 2 markers in vitro, a process that turned out to be rather easy to monitor and quantify. Surprisingly, we found that the docking factor EEA1 and the fusion cofactor NSF (the ATPase that disassembles SNAREs), but not fusion itself, are required for sorting and budding of recycling vesicles. Importantly, these conclusions are not restricted to the differential sorting of transferrin and LDL, as cholera toxin/LDL sorting also depended upon the same factors. Our results therefore suggest an unexpected connection between docking/fusion and sorting/budding at the molecular level.
Results
Characterization of an in Vitro Microscopy-Based Assay for Early Endosomal Sorting. For the establishment of a budding assay from early endosomes, we used PC12 cells, a neuroendocrine cell line. Like many mammalian cells, PC12 cells rapidly recycle transferrin, while they target LDL for degradation. PC12 cells were incubated for 5 min with fluorescent transferrin (Alexa 488) and LDL (DiI). As expected, PC12 cells endocytose large amounts of both LDL and transferrin (Fig. 1A) , with a substantial fraction of the organelles being double labeled. After a chase period the amount of doublelabeled organelles is drastically reduced (but not eliminated, see Fig. 1B for quantification), mainly through transferrin recycling (note the strong decrease in transferrin signal after the chase, Fig. 1 A) .
To allow easier manipulations of the sorting process, we proceeded to reproduce it in an in vitro assay. We prepared postnuclear supernatants (PNS) from cells labeled with both endocytotic tracers (see schematic in Fig. 1C ). We then incubated the PNS at 37°C (or kept it on ice as a negative control) in a reaction mixture containing rat brain cytosol and an ATP-regenerating system and measured the amount of double-labeled organelles using fluorescence microscopy. The number of double-labeled organelles was in line with the observations from living cells, with Ϸ15-30% of all LDL-containing organelles being colabeled with transferrin (which, as more organelles were labeled with transferrin, translated into 2-6% of all transferrin-containing organelles being colabeled in independent PNS preparations). Also, just as in the cellular context, the amount of double-labeled organelles dropped substantially (but did not disappear) after incubation (compare the 2 panels in Fig. 1D ), allowing us to conclude that the in vitro sorting reaction faithfully follows the in vivo situation.
Control experiments were then carried out to ensure that the decrease in the number of double-labeled organelles is because of sorting and budding, instead of representing the breakup of aggregates containing red and green endosomes, or the degradation (or leakage) of the endocytosed label [see supporting information (SI) Fig. S1 ]. We have recently demonstrated that we can discriminate between docked (clustered) and genuinely double-labeled endosomes in a similar fluorescence-based assay (12) . Briefly, to quantify the degree of colocalization, we measured the distances between the intensity centers of the green and red spots and recorded for each green spot the distance to its closest red neighbor. When applied to fluorescent beads of endosome size (Ϸ200 nm in diameter; Fig. 1 E and F) , this method demonstrated that the green and red centers of a multicolor bead are within 75-100 nm from each other, while 2 differently colored beads cannot get closer to each other than Ϸ150-200 nm (Fig. 1G) . Thus, we can safely assume that endosomes whose green and red intensity centers are within Ϸ100 nm from each other are indeed double labeled (see also ref. 12 for further controls).
In endosomes from PC12 cells labeled with transferrin and LDL ( Fig. 1H) a fraction of the organelles were clearly double labeled, with their intensity centers being closer than 100 nm to each other (Fig. 1H , vertical dotted line). A second peak was observed at a distance of around Ϸ200 nm, probably reflecting docked endosomes. Incubation at 37°C reduced the relative amount of both pools, with the proportion of double-labeled endosomes being reduced substantially (Fig. 1H, red line) . To quantify the separation of fluorescent markers under different conditions, we determined the fraction of double-labeled objects in relation to all green (transferrin)-labeled objects. Incubation reduced colocalization by 50%, in an ATP-and cytosol-dependent manner (Fig. 1I) , as one would expect for a sorting reaction.
We expected that other cargoes would also be efficiently separated in vitro. This was indeed the case, with a number of cargoes separating well from each other: acetylated LDL from transferrin, LDL from cholera toxin B (a molecule known to traffic through endosomes to the Golgi apparatus), or the inert label dextran from transferrin. Importantly, we detected no significant separation when using a mixture of green-and red-labeled transferrin (Fig. S2) .
Finally, one possible complication of this assay is that the newly budded vesicles could in principle fuse with each other. Therefore, we checked the fusion rates between the different cargoes (Fig. S3) . As expected, LDL-containing vesicles fused very poorly with transferrin-containing ones (as did also LDL-and cholera toxin-labeled vesicles).
In Vitro Sorting Does Result in the Formation of Small TransferrinContaining Vesicles. While the assay we presented clearly results in the separation of transferrin and LDL from endosomes, it is still an open question whether it does so by physiological mechanisms-i.e., by the budding of small transferrin-containing vesicles.
We used a number of different methods to check this. First, we observed that, in addition to the decrease in colocalization, transferrin-, cholera toxin-, and dextran-containing organelles seemed to become less bright upon incubation (Fig. S4) , indicative of budding of (small) vesicles from the endosomes. Not to rely only on separate samples incubated under different conditions, we also monitored individual endosomes over time. We adsorbed labeled organelles containing transferrin and LDL to coverslips before adding the cytosol-ATP mixture in a temperature-controlled microscopy in- , intensity centers from all of the spots (beads) in both the green and red channels were calculated, and the distance from each spot to the closest one in the other channel was measured and plotted in a histogram (G). While the distance between single-colored objects never falls below about Ϸ200 nm, virtually all double-labeled beads have their green and red intensity centers within a 100-nm distance (vertical dotted line). The graph shows means Ϯ SEM (n ϭ 3). (H) The same measurements as in G were performed with transferrin-and LDL-containing early endosomes before (ice, black curve) and after (37°C, red curve) the sorting reaction. The amount of double-labeled organelles ( Ϯ SEM (n ϭ 43). Note that, for clarity, the plot shows distances only up to 1000 nm (full-scale graph shown as inset). (I) Quantification of colocalization. We measured the percentage of organelles that have their green and red intensity centers within 100 nm. Colocalization decreases by 50% after the sorting reaction (initial colocalization refers to samples incubated on ice). Removal of ATP or omission of cytosol completely blocks this reaction. Bars show means Ϯ SEM (n ϭ 4).
cubation chamber. While transferrin-containing endosomes lost a substantial fraction (but not all) of their initial fluorescence, again indicative of budding of small transferrin-containing vesicles, LDLcontaining organelles did not get dimmer (compared to the bleaching control), exactly as one would expect (Fig. S5) . Second, as these measurements cannot give an indication of the vesicle size (with most organelles being smaller than the diffraction limit), we also used a diffraction-unlimited fluorescence microscopy technique, stimulated emission depletion (STED) (13) . Cells were labeled with transferrin coupled to a STED-efficient dye, Atto 647N. The size of the transferrin-containing organelles dropped significantly after incubation both in living cells and in vitro (Fig. 2  A and C) . Note also that the vesicle sizes (both before and after incubation) were similar in living cells and in vitro (Fig. 2 B and D) , as expected. As independent confirmation, a very similar size reduction after incubation was observed by electron microscopy, using endosomes preloaded with horseradish peroxidase (HRP) as a fluid phase marker (Fig. S6) .
Third, we used differential centrifugation to examine whether endosomes can be separated from small transferrin-containing transport vesicles. Endosomes were labeled with HRP or transferrin-Alexa 488. First, slow speed centrifugation was carried out to sediment larger (not budded) endosomes. The small vesicles remaining in the supernatant were then collected by high-speed centrifugation (Fig. 2E) . The HRP content in the high-speed pellet was measured by a colorimetric reaction, while transferrin was quantified by immunoblotting with anti-Alexa 488 antibodies. In the presence of ATP, a major increase of the recycling markers was observed (Fig. 2 F and G) .
Thus, the assays used here concur in suggesting that small vesicles containing transferrin form from the double-labeled endosome precursors.
Fusion/Docking Factors Are Involved in Early Endosomal Sorting.
We next proceeded to characterize the sorting and segregation reaction, using the assay described in Fig. 1 . The reaction followed an exponential curve with a half time of 11.5 min (Fig. 3) , basically identical to what we observed in living cells (Fig. S7) .
In view of the almost universal involvement of GTPases in the secretory pathway, it was not surprising that GTP␥S or GMP-P(NH)P reduced the sorting reaction by Ϸ50%. In contrast, other treatments proposed to interfere with endosome function in the past, such as chelating calcium ions, disturbing the proton gradient, or perturbing cytoskeletal elements, had no measurable effects (Fig. 3B ). More interestingly, transferrin/LDL segregation was strongly inhibited by the phosphatidylinositol-3-kinase (PI3K) inhibitor wortmannin (Fig. 3B) , with an IC 50 of Ϸ15.6 nM (Fig. S8) , which is consistent with previous findings (6, 7) , and by the PI3K inhibitors LY 294,002 and 3-Methyladenine.
PI3P serves as coincidence detector in recruiting Rab5-effectors such as the EEA1, and PI3K inhibition releases EEA1 from the endosome membrane in our assay (data not shown). Therefore, we tested whether EEA1 is involved not only in membrane tethering and fusion, but also in sorting/budding. As shown in Fig. 4A (Upper) , a polyclonal antibody against the N-terminal peptide of EEA1 fully blocked segregation of transferrin and LDL (the effect was eliminated by addition of the antigenic peptide). The budding reaction also depended upon Rab GTPases, as observed from the strong block caused by addition of GDP dissociation inhibitor (GDI), which strips Rab proteins from the membrane. Interestingly, the effects of wortmannin, GDI, and the EEA1 antibody on sorting and budding were much stronger than on endosome fusion, which was inhibited only by 15-30% under our experimental conditions (Fig.  4A, Lower) .
The data shown so far indicate that segregation is sensitive to interference with proteins that are rather known to act in docking and fusion. The question arises whether these proteins function in sorting/budding independent of fusion or whether Bars show means Ϯ SEM (n ϭ 3). For comparison, the inset also shows the endosome size change in HRP-labeled endosomes, investigated by electron microscopy (means Ϯ range of values, n ϭ 2; see also Fig. S6 ). Note that the graph plots the full width at half maximum for the fluorescence data and the diameter for the electron microscopy data. (E) To investigate whether our in vitro sorting reaction results in budding of small vesicles, we established a biochemical budding assay (see schematic overview). A typical reaction was performed with HRP-or transferrin-Alexa 488-containing endosomes. To separate small vesicles from larger organelles, we performed a slow-speed centrifugation step. The supernatant containing the small vesicles was then subjected to a high-speed centrifugation, which ensured that we pelleted all remaining membranes in the pellet P2. The amount of newly formed small vesicles in P2 was then analyzed by an HRP-colorimetry reaction or by blotting for transferrin-Alexa 488 (see below). (F) Quantification of HRP-containing vesicles from P2 by a colorimetric ABTS reaction. Bars show means Ϯ SEM (n ϭ 6). (G) Quantification of small, transferrin-Alexa 488-containing vesicles from P2 by dot blots stained with antibodies against Alexa 488 (inset). Bars show means Ϯ SEM (n ϭ 4 -5). Note that in both of the biochemical assays, the amount of small vesicles increases with budding, in an ATP-dependent manner.
fusion is a prerequisite for budding. Therefore, we tested whether budding is also dependent on the function of SNARE proteins that catalyze fusion. We used soluble recombinant SNARE fragments (as competitive inhibitors) and anti-SNARE antibodies to interfere with SNARE function. In agreement with previous observations (4), all of these reagents inhibited fusion (albeit to a different extent, ranging from 15% to 60%), but none inhibited sorting/budding (Fig. 4B) .
We then analyzed whether the sorting reaction is dependent on the activity of the N-ethylmaleimide (NEM)-sensitive factor (NSF). NSF, together with its cofactor ␣-SNAP, is required for all fusion steps in the secretory pathway. NSF functions by dissociating SNARE complexes, keeping the SNAREs in a ''ready for fusion'' state. When NSF is inhibited, fusion stops rapidly, as most available SNAREs on the endosome membrane spontaneously form stable 4-helical SNARE complexes (14) . NEM, a potent, but nonspecific, NSF inhibitor blocked the sorting reaction (Fig. 4C) (10, 15) . To test whether this was due to a specific block of NSF, we used a dominant negative variant of the cofactor ␣-SNAP [␣-SNAP L294A (ref. 16 )], which also blocked sorting; wild-type ␣-SNAP was, as expected, ineffective (Fig. 4C, Upper) . These tools potently blocked fusion as well (Fig. 4C, Lower) .
Why is NSF activity (Fig. 4C ), but not SNARE function (Fig. 4B ), required? One possibility is that SNARE-independent NSF effects are involved, although this is unlikely, because ␣-SNAP is known to function exclusively in SNARE regulation (17) . Without NSF, the SNAREs form stable complexes on the endosomal membrane, which are entirely nonselective-any 4 compatible SNAREs will complex, irrespective of their function in different pathways (14) . However, these complexes would need to be separated (via NSF), to allow for SNARE sorting and formation of newly budded vesicles, if the carrier vesicles have a different SNARE from the original organelles. This is indeed the situation: when we immunostained transferrin-positive organelles with antibodies against different SNAREs, before and after incubation (budding), substantial changes were seen in the SNARE makeover of the vesicles (Fig. 4D) .
As the finding that docking and fusion factors function in sorting is largely unexpected, we decided to test them also in a second sorting reaction, such as cholera toxin/LDL sorting. To be able to compare directly this reaction to transferrin/LDL sorting, we used preparations labeled simultaneously with all 3 labels. A substantial fraction of the organelles were multiply labeled: 20.5 Ϯ 0.9% of the LDL-labeled endosomes were positive for transferrin, 15.7 Ϯ 0.7% were positive for cholera toxin, and 6 Ϯ 0.4% were triple labeled (n ϭ 7 independent experiments). As indicated in Fig. S9 , cholera toxin/LDL behaved identically to transferrin/LDL sorting, with a clear dependence upon EEA1 and NSF, but not on SNARE function itself. Importantly, sorting of material from triple-labeled endosomes also exhibited the same characteristics (Fig. S9 B and C) . To identify some of the effectors involved in formation of new vesicles from the sorting endosomes, we proceeded to investigate the behavior of the triple-labeled endosomes in the presence of a number of inhibitory reagents for molecules proposed to function in budding reactions (Fig. 5A ).
We used a number of tools directed against dynamin (the inhibitor dynasore and peptides perturbing its interaction with amphiphysin or endophilin), AP2/amphiphysin (peptide perturbing their interaction), clathrin light and heavy chain (antibodies targeting the 2 subunits), coatomer protein complex-I (COPI) coats (brefeldin A or antibodies against the EAGE-peptide of ␤COP), sorting nexins 1 and 2 (antibodies), and the retromer subunits Vps26, Vps29, and Vps35 (antibodies) (Fig. 5B) . Only a combination of the 3 anti-Vps antibodies resulted in mild inhibition (although all of these tools have been thoroughly described in the past; see SI Text for details and references).
One explanation for the limited inhibition we observed is that separation of cargoes requires not only the budding of transferrin or cholera toxin carrier vesicles, but also active maturation of the LDL-containing organelles (Fig. 5A) . To block maturation, we inhibited the acidification of the triple-labeled organelles, using the proton gradient perturber carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone (FCCP); this treatment alone is not sufficient to block cargo separation (see Fig. 3C ). We next combined FCCP with the tools mentioned above (Fig. 5B, gray bars) . Addition of FCCP to anti-retromer tools resulted in a strong inhibition of the reaction, while anti-clathrin/dynamin or COPI tools were still ineffective. Similar results were obtained when quantifying the separation of transferrin from LDL, or cholera toxin from LDL (data not shown), as was also the case for the conditions indicated in Fig. S9 .
Discussion
In the present study we describe a cell-free assay for the sorting of recycling vesicles from early endosomes, which is based on fluorescence microscopy. The assay proved to be highly reliable and allowed for identifying some of the factors essential for this process, such as cytosol, an energy source, and major players in membrane sorting (such as PI3-kinases and Rab proteins). These findings are in line with results from other in vitro budding assays, such as those reconstituting the formation of secretory granules from the TGN (18) , late endosome to Golgi transport (19) , the formation of GLUT4 or transferrin receptor-containing endocytic small vesicles (ESVs) from early endosomes (20) , or the formation of COPII coated vesicles from synthetic proteoliposomes (21) . As expected, transferrin recycling proceeds through the formation of small vesicles from the endosomes, in agreement with previous biochemical in vitro budding assays (10, 11) performed in the same system (PC12 cells).
Our results suggest that in addition to formation of carrier vesicles, successful separation of the cargoes requires endosome maturation (i.e., acidification), although from a mechanistic standpoint it may have been more intuitive to see the maturation process as only passive. The nature of the molecules involved in carrier vesicle formation is still an open issue (see, for example, refs. 22 and 23), with the retromer complex being clearly involved [in agreement with results from the groups of Bonifacino (24) and Johannes (25) , who suggested that small vesicles destined to the trans-Golgi network bud from the early endosome through retromerdependent processes]. Surprisingly, we found that specific inhibition of the docking and fusion factors EEA1 and NSF leads to a block of cargo segregation. NSF activity, but not SNARE-mediated endosome fusion, was required for formation of recycling vesicles. Coupling this with the fact that the SNARE composition of transferrin-containing organelles changes after the reaction, one is tempted to conclude that SNARE separation and sorting into different compartments on the endosomal membrane are necessary for this process. This view is in agreement with previous findings showing that certain SNARE molecules can interact with coat proteins, which is likely important for SNARE sorting (26) (27) (28) (29) (30) (31) .
EEA1 is a molecule that has been described to operate downstream of Rab5 and the class III PI3-kinase VPS34 in organelle docking (32) , although it has also been known for more than a decade that it also is a component of a multiprotein (and perhaps multifunction) machinery containing EEA1, NSF, and also Rab5 and endosomal SNAREs (syntaxin 6 or 13) (33) (34) (35) . The fact that an antibody against EEA1 strongly blocks budding (even stronger than it blocks fusion) is difficult to reconcile with an exclusive function for this molecule in tethering of endosomes before the fusion event, although it is in line with a recent observation that EEA1 knockdown perturbs transferrin dynamics and epidermal growth factor processing (36) . One possible explanation is that the processes of endosome docking/fusion and sorting/budding are linked, being performed by macromolecular machineries containing components involved in both processes. This is in line with observations on yeast vacuoles (the equivalent of mammalian late endosomes), where dynamin appears to be required not just for budding, but also for fusion (37) . It is even possible that EEA1 perturbation results in a reduced activity of NSF (which would in itself block sorting). Taken together, our results are in line with a view of endosomal traffic in which the events of docking, fusion, and budding are tightly connected on a molecular level.
Methods
Materials, reagents, and previously published methods are described in detail in SI Methods.
Sorting Reaction. Reaction mixtures contained, as final concentrations, 4 mg/mL PNS (labeled with transferrin-Alexa 488, transferrin-Alexa 594, LDL-DiI, acetylated LDL-Alexa 594, dextran-Alexa 488, dextran-Alexa 594, cholera toxin subunit B-Alexa 647, or HRP), 2 mg/mL rat brain cytosol (4), 11.25 mM Hepes at pH 7.0, 1.35 mM magnesium acetate, 0.18 mM DTT, and 45 mM potassium acetate. As an ATP-regenerating system, 3.2 mM ATP, 26 mM creatine phosphate, and 0.132 mg creatine kinase (800 units/mg), or as an ATP-depleting system, 5 L hexokinase (1,500 units/mL dissolved in 250 mM glucose), were added. The reaction mixtures were incubated for 45 min (unless otherwise stated) at 37°C with slow agitation, and control reactions were kept on ice. Sorting reactions were carried out in a 50-L final volume. Five microliters of each reaction were transferred into 1 mL of PBS on coverslips (18 mm diameter) in 12-well plates and centrifuged for 45 min at 5,868 ϫ g at 4°C. Microscopy and data analysis were performed essentially as described (12) ; see SI Methods for details.
